Noninvasive imaging plays a pivotal role in assessing the brain structural and functional changes in presurgical mesial temporal lobe epilepsy (MTLE) patients. Our goal was to study the relationship between the changes of cerebral white matter (WM) and cognitive functions in MTLE patients.
Introduction
Epilepsy is a reoccurring chronic neurological disease caused by a variety of etiologies. There are more than 9 million epilepsy patients in China, of which, 20% to 30% are drug-resistant temporal lobe epilepsy. Mesial temporal lobe epilepsy (MTLE), caused by mesial temporal lobe sclerosis, is the most common intractable epilepsy in adults. [1] Repeated abnormal electrical discharges in the brain of MTLE patients can cause microstructural damages in WM fiber tracts, resulting in brain connectivity disorders and central nervous system dysfunction. [2, 3] With the progression of disease, the cognitive function of MTLE patients, such as language, perception, emotion, attention and memory, may also decline, even to a degree that it can impact personality and other high level social ability.
Although MTLE patients have severe clinical symptoms and imaging can identify mesial temporal sclerosis, for the majority of MTLE patients, conventional MRI sequences do not show obvious abnormalities in the remainder of the brain parenchyma. [4] Therefore, more sensitive MRI methods, such as diffusion tensor imaging, are needed to noninvasively detect and exam microstructural changes in the brain of MTLE patients. [5] In recent years, advanced MRI methods have been used to assess the brain structural and functional changes of epilepsy patients. [6] [7] [8] A recent meta-analysis of DTI studies in MTLE patients revealed significant, widespread microstructural changes across the majority of WM regions, with the most obvious deficits occurring in regions closely connected to the temporal WM, including the arcuate fasciculus, uncinate fasciculus, and inferior longitudinal fasciculus. [9] However, most studies reported in the literature are for unilateral MTLE. [6, 10] A very limited number of studies have compared the difference between left and right MTLE and some of them are only based on clinical diagnosis and EEG results without surgical or pathological confirmation. [11] New MRI techniques that are sensitive to the minor volume and diffusion changes in the WM resulting from microstructural changes have become available. Voxel-based morphometry (VBM) uses statistical parametric mapping (SPM) to detect small and focal differences in the brain and the spatial location of such differences. For each voxel in a three-dimensional volume, the differences in gray matter (GM), WM, and cerebrospinal fluid (CSF) are evaluated respectively. Such information is helpful for the detection and localization of small changes to the brain. [12] VBM has been widely used in the study of normal brain development, as well as neurological and metabolic diseases such as Alzheimer's disease, [13] migraine, [14] language disorder, [15] autism, [16] depressive disorder, [17] and so on. DTI is a noninvasive imaging technique that can reveal the threedimensional morphology of WM fiber tracts in vivo. [18] [19] [20] DTI can quantitatively measure the structural integrity of WM by measuring the parameters of diffusion process. DTI data analysis methods include: region of interest (ROI) measurement, voxelbased analysis (VBA), DTT, tract-based spatial statistics (TBSS), etc. TBSS has been widely used in the study of WM structure in the development of normal brain as well as in many diseases or pathological conditions, such as Alzheimer's disease, [21, 22] chronic musculoskeletal pain, [23] schizophrenia, [24] [25] [26] and so on. TBSS was reported capable of automatically analyzing WM tracts in the whole brain (WB) and was found to be more accurate than VBM in locating areas of difference. [27, 28] Abnormal DTI parameters were not confined to the temporal lobe in MTLE patients. The abnormalities could be outside of temporal lobe, especially in the WM with bilateral distribution, suggesting that the effect of MTLE is distributed throughout the brain. [20, 29, 30] This is due to the abnormal discharge in one side of the brain also affects the opposite side connected through WM fiber tracts. It not only causes neuronal abnormalities locally and in adjacent areas, but also structural changes in contralateral brain tissue. [31] Overall, VBM and DTI allow better understanding of the neuropathological mechanisms and their relationship with clinical manifestations. These new imaging methods not only can provide information for the diagnosis of MTLE, but also can be helpful in the lateralization and localization of epileptogenic foci.
In this study, we used VBM to measure GM, WM and WB volumes and TBSS to measure WM fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) in MTLE patients in order to study their relationships with the cognitive function.
Methods
This study was approved by the Hospital Ethics Committee and written informed consent was obtained from all subjects.
Patients
Patient group: The inclusion criteria for the patient group were: unilateral temporal lobe origin as indicated by seizure characteristics (complex partial seizure) and by EEG during the episodes of seizure; confirmation of mild hippocampal sclerosis by postsurgical pathology; duration of epilepsy ≥2 year and at least 2 different, appropriate antiepileptic drugs treatment was ineffective based on Engel classification of epilepsy efficacy assessment; [32] preoperative MRI including volumetric imaging and DTI. The final determination of epilepsy laterality and location was based on comprehensive preoperative clinical evaluation, postoperative pathology, and the outcomes of surgical intervention. The exclusion criteria for the patient group were: history of head trauma, mental disorder or family history of psychosis and alcoholism; diabetes, [33] cardio-cerebrovascular disease, [34] and other serious systemic diseases which have been reported to affect the cerebral WM.
During the period of January 2014 to January 2015, 24 patients who met the above criteria were enrolled. Among the 24 MTLE patients, 12 of them had left MTLE (LMTLE) and the remaining 12 had right MTLE (RMTLE).
Control group: The inclusion criteria for the healthy control group were: no history of neurosurgery and psychosis and other neurological diseases, no abnormal liver and kidney function; no history of diabetes; and no abnormal imaging finding.
Cognitive assessment and MRI examination
One hour before the MRI examination, subjects were tested for cognition using the Montreal Cognitive Assessment (MoCA), which is a widely used screening tool assessing multiple cognitive domains including short-term memory; visuospatial ability; executive function; verbal abstraction; attention, concentration and working memory; language ability and orientation to time and place. [35] All MRI examinations were performed on a 3.0T scanner (Siemens MAGNETOM Tim Trio, Erlangen, Germany) with a 12-channel phased array head coil. Subjects were instructed to remain still in supine position with eyes closed during MRI. A foam pad was used for head support and stabilization and cottons balls were places in the ears for noise reduction.
All subjects underwent T2-weighted FSE and FLAIR scans to rule out other brain lesions. A 3D magnetization prepared rapid acquisition gradient echo (3D MP-RAGE) sequence was used to acquire sagittal T1-weighted images for VBM analysis. The imaging parameters were: TR/TE = 1900 ms/2.5 ms, FOV = 256 mm Â 256 mm, slice thickness = 1.0 mm, slice gap = 0 mm, number of slices = 160, flip angle = 9°, matrix = 256 Â 256, averages = 1, voxel size = 1 mm Â 1 mm Â 1 mm. For DTI, a single-shot diffusion weighted echo planner imaging (SS-DW-EPI) sequence was used. The scanning parameters were: TR/TE = 6100 ms/93 ms, FOV = 240 mm Â 240 mm, matrix = 128 Â 128, slice thickness = 3.0 mm, slice gap = 0.0 mm, averages = 4, b = 0 and 1000 s/ mm 2 and number of diffusion encoding directions = 30. The scanning time was 12:54.
Image processing and quantification
3D T1 weighted morphological brain images were first registered with the standard template and then segmented using the IBASPM tool in the SPM software package SPM8 (SPM, http:// www.fil.ion.ucl.ac.uk/spm) based on MATLAB 2009a (MathWorks, Natick, MA) in order to calculate WB volume, GM volume, WM volume and the ratios of WM/WB, GM/WB, and GM/WM. Using FSL 5.0.7 software (http://www.fmrib.ox.ac.uk/ fsl/), diffusion weighted images were corrected for head motion and distortions by registering them to the b = 0 images with an affine transformation, and the nonbrain structures were removed by the BET tools using b = 0 images as reference. The FA, MD, AD, and RD values were calculated using the DTIFIT tool in FSL based on the method proposed by Stejskal and Tanner. [36] Then, a mean FA images was generated to produce a mean skeleton 97: 33 Medicine with FA threshold set to 0.2, [27] which represented the centroids of all tracts common to the group, each subject's aligned FA data were projected onto the skeleton, and tract-based spatial statistics (TBSS) were used to voxel-wise cross-subject statistical analysis. Nonparametric inference testing was conducted using the "randomize" tool in FSL with 500 permutations. For the multiple comparison corrections, the threshold-free cluster enhancement (TFCE) with FWE (P < .05) was employed. The spatial locations of the various brain regions were expressed in MNI (Montreal Neurological Institute) coordinates. Finally, the TBSS results of the 4 diffusion anisotropy parameters were mapped to the standard WM fiber tract atlas produced by Johns Hopkins University (JHU White-Matter Tractography Atlas) for accurate localization of the abnormal WM fiber tracts.
Statistical analysis
Statistical analysis was performed using SPSS 17.0 software (SPSS Inc, Chicago, Illinois). P < .05 was considered statistically significant. The differences of gender, age, duration of disease, and level of education were compared between the 2 groups using One-Way AVOVA and chi-square test. Two independent sample t-tests were used to compare the quantitative parameters of WB, GM, and WM volumes between the MTLE and the control group, and the parameters of DTI on fiber skeleton images between RMTLE, LMTLE, and control group, respectively. Bivariate correlation analysis was used to analyze the correlation between WM volumes and cognitive function assessment as well as the duration of disease.
Results

Demographics
Characteristics of all subjects were summarized in Table 1 . There was no significant difference in gender (x 2 = 0.892, P = .640), age (F = 0.111, P = .895) and educational level (F = 1.673, P = .203) between the patient groups and the control group.
MoCA score
MoCA scores in the MTLE group were lower compared with the control group as shown in Table 2 . There were significant differences (P < .05) in visuospatial and executive function, naming, memory, abstraction, and total score.
WM volume
There was a reduction in WB, GM, and WM volumes in the MTLE group compared with the control group as shown in Table 3 . However, only WM volume and WM/WB ratio differences were statistical significant (P < .05).
Relationship between WM volume, MoCA scores, and duration of disease
Pearson correlation analysis showed a positive correlation (r = 0.71, P < .001) between WM volume and total MoCA score for the MTLE group (Fig. 1) and a negative correlation (r = À0.693, P < .001) between WM volume and the duration of epilepsy (Fig. 2) .
Differences in FA
Compared to the control group, WM tracts with decreased FA were predominantly bilateral in the LMTLE group versus more ipsilateral in the RMTLE group (Fig. 3) . WM tracts with statistically significant reduction of FA are listed in Tables 4 and  5 . No WM tract was found to have elevated FA in the patient group.
Differences in MD
Compared to the control group, WM areas with increased MD in the LMTLE group were predominantly bilateral while areas with increased MD in the RMTLE group were predominantly in the ipsilateral hemisphere (see Figure I , Supplemental Content, http:// links.lww.com/MD/C395, which shows the maps of statistical difference of MD values). WM tracts with statistically significant increase of MD are listed (see Table I , Supplemental Content, http://links.lww.com/MD/C395, which illustrates the brain regions where MD in the LMTLE group was different from the control group; see Table II , Supplemental Content, http:// links.lww.com/MD/C395, which illustrates the brain regions where MD in the RMTLE group was different from the control group). Compared with the control group, none of the WM tracts had reduced MD in the patient group. 
Differences in AD
Compared to the control group, the areas with increased AD were smaller in the patient group. The areas with increased AD were mostly ipsilateral side for the LMTLE group, whereas all areas were ipsilateral for the RMTLE group (see Figure II , Supplemental Content, http://links.lww.com/MD/C395, which shows the maps of statistical difference of AD values). As shown in Supplemental Table III and IV (see Table III , Supplemental Content, http://links.lww.com/MD/C395, which illustrates the brain regions where AD in the LMTLE group was different from the control group; see Table IV , Supplemental Content, http:// links.lww.com/MD/C395, which illustrates the brain regions where AD in the RMTLE group was different from the control group), none of the WM tracts with AD reduction were found in the patient group.
Differences in RD
Compared with the control group, increased RD in the LMTLE group was bilateral while increased RD in the RMTLE group was mostly in the right side (see Figure III , Supplemental Content, http:// links.lww.com/MD/C395, which shows the maps of statistical difference of RD values). WM regions with statistically significant RD difference are listed in Table 10 and Table 11 (see Table V 
Discussion
WM structural changes demonstrated by MRI
In this study, MTLE patients were divided into LMTLE and RMTLE subgroups. Their WM tract microstructures were analyzed and compared with the normal control group separately, avoiding the error caused by left-right mixing or the bias caused by left-right inversion. The results are thus more accurate and reliable. Our study found that WM tract changes were different in LMTLE and RMTLE groups. LMTLE patients had bilateral changes of decreased FA, increased MD and increased RD in WM tracts while RMTLE patients had mostly ipsilateral changes. However, the regions of increased AD were mainly in the left side for the LMTLE group, but were concentrated in the right side for the RMTLE group. Similar findings were made in other studies. [9, 10, 37] The study by Besson et al [38] of 39 temporal lobe epilepsy (TLE) patients (36 of them were right-handed) also showed that the left TLE had more extensive WM connectivity decrease. Such asymmetrical change in WM structure of left and right TLE patients may be related to the asymmetry of brain structure and function. Some of the functional areas in the left hemisphere are more developed in the right-handed persons, but, in the event of dysfunction, its impact maybe greater as well.
The relationship between WM structural change and cognitive function change in MTLE
We found that WM tract changes in MTLE patients were mainly located in the corpus callosum, uncinate fasciculus, superior longitudinal fasciculus, cingulum, anterior thalamic radiation, inferior frontal-occipital fasciculus and corticospinal tract. WM volume was positively correlated with MoCA, but negatively correlated with the duration of disease. Chronic and repeated seizures could lead to more severe damage in WM than in GM. The decrease of FA and increase of MD suggested that the extensive microstructure change in the WM may cause macroscopic atrophy and reduction of WM volume, leading to a decrease in the intratemporal lobe and inter hemisphere connectivity. This may be an important reason for the decline of cognitive functions in MTLE patient. Such decline was more remarkable for visuospatial and executive function as well as naming, memory and abstraction functions.
The corpus callosum is an important WM fiber connecting the left and right cerebral hemispheres. The splenium of corpus callosum transmits somatosensory information between the parietal lobes of the 2 hemispheres of the brain and transmits visual information between the occipital lobes. [39] The posterior cingulum is considered an important neural structure for memory and an important component of cholinergic system. Uncinate Table 4 The brain regions where FA in the LMTLE group was different from the control group. fasciculus plays an important role in the formation and reproduction of situational memory. It is an important pathway for TLE to spread from the temporal lobe to the frontal lobe.
MNI
[ 40] Our results shows that, other than the bilateral increase of uncinate fasciculus FA in LMTLE group, there were ipsilateral changes of uncinate fasciculus FA in RMTLE patients and the uncinate fasciculus MD, AD and RD in both RMTLE and LMTLE groups. Therefore, abnormal DTI parameters in ipsilateral uncinate fasciculus may be a characteristic change of MTLE, which may be of value in localization of MTLE. Other studies have shown that a decrease of FA in left uncinate fasciculus in patients with left TLE implies a disruption of WM integrity of left uncinate fasciculus, which is closely related to patient's decline of executive function. [41] There are multiple reasons for the decline of cognitive function in patients with epilepsy. [42] In addition to structural damage, other factors include time of onset, duration, seizure frequency, severity and duration, and even the use of antiepileptic drugs. Some believe that seizure duration has more impact on the cognitive function than its frequency. [43] Hermann et al [44] found that the younger age of onset, the less WM volume is present in the TLE patient which may result in more obvious cognitive dysfunction. In this study, GM and WM volumes of MTLE group appeared to be reduced when compared with the normal group. However, statistical analysis shows that only the differences in WM volume and WM/whole brain ratio are statistically significant. This is likely due to the reduction in WM volume was more dramatic, but the reduction in GM volume was relatively less and not statistically significant. Also, we consider whole brain as WM + GM + CSF, [45] instead of whole brain as WM + GM. Therefore, even though WM volume and GM volume were reduced, CSF volume might have increased, causing the difference in whole brain volume to be statistically insignificant. Compared with the normal population of the same age and education level, there are varying degrees of cognitive dysfunction and behavioral abnormalities in epilepsy patients. [46] By studying the relationship between WM damage and cognitive function, Riley et al found that the WM areas with the most negative impact are ipsilateral anterior and mesial temporal lobe, cerebellar hemisphere and contralateral parietal WM. [47] Our TBSS results showed that FA, MD, AD, and RD of association fibers, commissural fibers, and projection fibers had different degrees of abnormal change in MTLE patients. These changes will inevitably lead to brain connectivity disorders, thereby affecting the execution of instructions which requires neural network or system coordination and finally manifested as cognitive decline. Therefore, changes in the brain structure of patients with MTLE leading to functional connectivity disorders may be an important physiological basis for cognitive changes in patients with MTLE.
Limitations
There are a few limitations of this study. First, since the inclusion and exclusion criteria were rigorous and the patient group had to be verified by postsurgical histology, the sample size was relatively small, which may result in some of bias in the results. Secondly, the difference in the individual dosing of antiepileptic medication for the MTLE group was not taken into account which may have uncertain effect on the results. Finally, although a wide range of WM microstructure abnormalities and DTI parameter abnormalities were found in the ipsilateral uncinate fasciculus which may be useful for the diagnosis of MTLE, confirmation by studies with larger sample size is needed.
Conclusions
In summary, there was a significant reduction of WM volumes compared with GM volumes in the MTLE patients, and the cognitive dysfunction in MTLE patients was found to be closely related to the WM structure changes. More ipsilateral DTI changes are found with right-sided MTLE.
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